Rock-analog materials Co-seismic slip rates Rate weakening and strengthening Flash heating Rapid change in normal stress Plate-impact pressure-shear friction experiments Knowledge of frictional (shear) resistance and its dependency on slip distance, slip velocity, normal stress, and surface roughness is fundamental information for understanding earthquake physics and the energy released during such events. In view of this, in the present study, plate-impact pressure-shear friction experiments are conducted to investigate the frictional resistance in a rock analog material, i.e. soda-lime glass, under interfacial conditions of relevance to fault rupture. The results of the experiments indicate that a wide range of frictional slip conditions exist at the slip interface ranging from initial no-slip and followed by slip weakening, slip strengthening (healing), and seizure all during a single slip event. The slip-weakening phase is understood to be most likely due to thermal-induced flash heating and incipient melting at asperity junctions, while the slip strengthening (slip-healing) phase is understood to be a result of coalescence and solidification of local melt patches on the slip interface. In addition, plate impact pressure-shear normal-stress change (drop) experiments are employed to probe the response of the slip interface due to sudden alterations in normal stress. In particular, the location (timing) of the stress drop is varied so as to investigate the behavior of the slip interface in its slip-weakening, slip-strengthening (healing) phase, or the seized phase, in response to sudden drop in normal stress. These experimental results provide a rich set of data to better understand the range of possible friction slip states that can be achieved and/or critically examine existing dynamic friction models for fault slip behavior.
Introduction
Determination of co-seismic slip resistance along earth faults is critical for understanding the magnitude of friction-stress reduction and hence the near-fault acceleration that can occur during earthquakes. Friction at constant normal stress and sliding speeds of less than 1 mm/s has been studied extensively for a wide range of materials. The characterization of these results in terms of rate-and-state variable friction laws has allowed a better understanding of a wide variety of aspects of the mechanics of earthquakes (Beeler et al., 1994; Blanpied and Tullis, 1986; Blanpied et al., 1998; Dieterich, 1979 Dieterich, , 1981 Dieterich and Conrad, 1984; Dieterich and Linker, 1992; Hong and Marone, 2005; Kilgore et al., 1993; Marone, 1998; Marone et al., 1990; Okubo and Dieterich, 1986; Ruina, 1980 Ruina, , 1983 Scholz, 1998; Scholz et al., 1972; Tullis, 1988; Tullis and Weeks, 1986) , including, for example, what to expect in terms of premonitory slip and Omori's Law for aftershock decay (Scholz, 2002) .
Experimental data suggest that frictional resistance in geo-materials at slip speeds ≤1 mm/s and slip distances of less than 1 mm is high with μ~0.6 to 0.85 (Byerlee, 1978; Dieterich, 1978; Dieterich and Kilgore, 1996) . However, seismic inversions provide evidence that frictional resistance of major faults at co-seismic slip speeds (~1 to 5 m/s) may be quite low (Brune, 1970) ; recently, data at high slip rates and large slip displacements suggest that frictional behavior at these slip speeds is dramatically different and that dynamic slip and slip-rate weakening occurs (Brantut et al., 2008; Di Toro et al., 2004 , 2006 Fukuyama and Mizoguchi, 2010; Kitajima et al., 2011; Mizoguchi et al., 2009; Rice, 2006; Sone and Shimamoto, 2009; Tsutsumi and Shimamoto, 1997; Yuan and Prakash, 2008a; Yuan and Prakash, 2008b) .
In this regard, Rice (1999 Rice ( , 2006 , Rempel and Weaver (2008) , and Beeler et al. (2008) have summarized flash heating and consequent weakening at highly stressed asperity contacts during rapid slip, which reduces the friction coefficient, a phenomenon studied for many years as the key of understanding the slip rate dependence of dry friction in metals at high slip rates (Archard, 1958; Ashby et al., 1991; Barber, 1976; Bowden and Thomas, 1954; Ettles, 1986; Irfan and Prakash, 1994; Kuhlmann-Wilsdorf, 1985; Lim and Ashby, 1987; Lim et al., 1989; Molinari et al., 1999; Okada et al., 2001; Prakash, 1995; Yuan et al., 2009) , and which has also been considered recently in seismology as a mechanism that could be active in controlling fault friction during seismic slip before macroscopic melting occurs. For sufficiently large combinations of slip speeds and effective normal stress, thermal power generated during solid-on-solid slip overwhelms the ability of thermal conduction to carry the frictional heat away from the slip interface and macroscopic melting may occur (Di Toro et al., 2006 Hirose and Shimamoto, 2005; Liou et al., 2004; Nielsen et al., 2010; Niemeijer et al., 2011; Okada et al., 2001; Okada et al., 2002; Spray, 2005; Tsutsumi and Shimamoto, 1997) . Since molten layers have a low viscosity, they may lead to hydrodynamic lubrication of faults reducing dynamic friction.
In a recent study, Sone and Shimamoto (2009) presented results of experiments aimed at understanding the frictional behavior of fault zone materials under variable slip rates, a condition that is more representative of natural earthquakes. Their results indicate that faults undergo a sequence of strengthening, weakening and healing, during a typical acceleration and deceleration slip event. They explained such a sequence by extrapolation of the rate-and-state frictional behavior at low slip velocities to more realistic slip rates, but involving different physical mechanisms and a different scale. The initial strengthening is understood to impose a barrier for rupture growth into large earthquakes, while healing during the deceleration phase was understood to lead to pulse-like earthquake ruptures (Beeler and Tullis, 1996; Cochard and Madariaga, 1994; Heaton, 1990; Lapusta and Rice, 2003; Noda et al., 2009; Perrin et al., 1995; Zheng and Rice, 1998) and static stress drops that are low in comparison with the dynamic stress changes.
In addition to understanding the evolution of frictional slip resistance during rapid sliding on a fault at constant normal stress, knowledge of effects of rapid changes in normal stress on the frictional strength is important since during seismic slip there can be abrupt changes in normal stress. For example, slip on non-planar faults and/or on faults in heterogeneous materials can induce changes in normal stress, leading to complex time history of fault friction (Andrews and Ben-Zion, 1997; Harris and Day, 1997; Harris et al., 1991) . Rupture propagation at fault bends, step-overs, and branch points are other examples of geometrical features that can lead to changes in normal stress and may affect rupture extent and speed along faults (Kame et al., 2003; Poliakov et al., 2002) . In addition, theoretical studies of slip at dissimilar material interfaces (Adams, 1995; Weertman, 1980) have shown that spatially inhomogeneous slip can result in an alteration in normal stress (Andrews and Ben-Zion, 1997; Ben-Zion, 2001; Cochard and Rice, 2000; Ranjith and Rice, 2001; Simões and Martins, 1998) .
To date, there remains conflicting evidence on the effects of abrupt changes in normal stress on frictional strength. Conventional slow friction studies, with much less abrupt change of normal stress (Boettcher and Marone, 2004; Dieterich and Linker, 1992; Hong and Marone, 2005; Linker and Dieterich, 1992; Olsson, 1988) , suggest that shear strength changes on the same time-scale as the normal stress change, but changes only partly towards what it will ultimately evolve to after a few μm of further slip. This instantaneous response observed in the experiments by Linker and Dieterich (1992) and others, has been attributed to a machine effect, that is, an unwanted elastic coupling of friction (shear) stress to the normal stress and is thought to result from slight misalignment of the loading frame or differential Poisson expansion across the fault surface as the fault normal stress is changed. In contrast, precise laser-based diagnosis of oblique shock wave experiments at slip rates of order 10 m s −1 involving abrupt normal stress changes by a reflected sharp shock front (Prakash, 1998; Prakash and Clifton, 1993) suggests that there is no corresponding abrupt change in shear strength, but only an evolution with continuing slip (over a few μm scale). In other words, the entire response of shear stress to a rapid normal stress change is slow and there is an absence of the instantaneous response. Jim Rice and his colleagues have suggested, on the basis of experimental measurements (shock loading for Prakash (1998) versus near quasi-static conditions for Linker and Dieterich (1992) ), that Prakash's observations may be more appropriate for models of dynamic rupture despite those measurements being on bi-material interfaces of tungsten carbide and stainless steel or titanium rather than rock . They found the Linker and Dieterich (1992) formulation to be problematic, when used in models of dynamic fault slip between dissimilar materials. In fact, it has been established that deviations from the classical formulation of Coulomb friction, of a type seen in shock wave experiments which deliver an abrupt change in normal stress to a slipping surface (Prakash, 1998; Prakash and Clifton, 1993) , allow models of rupture along dissimilar material interfaces to be well posed mathematically, while the classical formulation is not well posed in that circumstance (Cochard and Rice, 2000; Noda et al., 2009; Ranjith and Rice, 2001; Rice, 2006; Rice and Cocco, 2007; Rice et al., 2001) . In reality, rupture of a fault separating dissimilar materials is affected by both the effect of coupling slip to alteration of normal stress and the effect of weakening of friction with slip rate or slip that would exist for a fault between identical materials. Both effects are important for a complete computational and experimental description of rupture along dissimilar material interfaces (Harris and Day, 1997; Xia et al., 2005) .
To-date, a majority of the high slip-rate friction experiments have utilized a rotary shear type friction apparatus to obtain the evolution of friction stress at a constant prescribed slip velocity. However, in these high slip velocity experiments prescribing a constant slip velocity has remained problematic, since the weakening of friction starts to occur when the slip velocity increases from zero (or very small value) to the desired velocity, and how the apparatus accelerates the slip to the target velocity affects the slip weakening of the friction inferred from the experimental results ). Another associated concern with the use of the high speed rotary shear apparatus has been the onset of specimen melting during a typical rotary shear test at relatively low normal stresses. This has primarily been due to the relatively large slip attained in these experiments, which is difficult to control with precision because of machine inertia, especially during the acceleration and deceleration phase of the test apparatus. While introducing additional wear mechanisms, the melting of the specimen makes interpretation of the experimental results more difficult when compared to the friction data in the pre-melt regime. These effects are amplified when relatively high normal stresses or high slip velocities are employed in the experiments. Another important limitation of the rotary shear experiment is to do with the very nature (time-scales and diagnostics) of the rotary shear tests in that they preclude investigation of transient frictional phenomena that arise due to interaction of stress waves with the propagating rupture plane/front, which are known to substantially alter the stress state during rupture propagation.
In the present study, a series of plate-impact pressure-shear friction experiments is conducted to investigate frictional resistance in rock analog materials. The primary objective of these experiments is to investigate the frictional resistance of relevant rock-analog materials, e.g. soda-lime glass, at co-seismic slip speeds and higher, so as to better understand the role of high slip speeds in controlling slip and slip-rate weakening by the mechanism of asperity flash heating and associated thermal softening at the slip interface. In these experiments the combined normal and shear loading at the frictional interface is achieved by the use of pressure and shear waves at the slip interface. Since the flyer and the target plates (comprising the tribo-pair) are designed to remain elastic during impact, critical frictional slip parameters, such as, the friction stress, normal stress, slip velocity and slip at the slip interface can be obtained by using principles of elastodynamic theory (Achenbach, 1973) . A noteworthy feature of the experiments is that they provide highly time resolved measurements of the effects of slip and slip-rates on the evolution of friction stress prior to the development of macroscopic melt at the frictional interface at normal stresses as high as ca. 1 GPa. This condition is facilitated by the relatively short window times, which are characteristic of plate impact experiments, and permit slip distances of only a fraction of a mm during the experiment. Another attractive feature of the experiments is that the slip and/or slip velocity history during the loading of the frictional interface, does not have to be prescribed a priori and the evolution of slip and slip rates are governed by the inherent frictional characteristics of the slip interface. In addition, besides providing fundamental frictional data at constant normal stress, these experiments can easily be modified to introduce sudden alterations in normal stress during the slip process. This is facilitated by the fact that the short rise-time (of the order of a few tens of nanoseconds) of the pressure and shear waves employed in the experiments, which allows rapid changes in friction state at the slip interface to be introduced with appropriate design of the experiments. In this way, the results of these experiments will be relevant not just for investigation of mechanisms of dynamic fault weakening at constant normal stress, but also provide data to critically examine the structure of rate and state dependent dynamic friction models of earthquake rupture in situations where rapid changes in normal stress are encountered. To the best of authors' knowledge this paper is the first to report such effects of rapid alteration in normal stress on the evolution of friction stress in rock-analog materials.
Pressure shear plate impact friction experiments
In the present study a series of plate-impact pressure-shear friction experiments is conducted on soda-lime glass at constant normal stress and with normal stress alterations at the slip interface. The choice of soda-lime glass was dictated by a number of previous studies Kilgore, 1994, 1996; Weeks et al., 1991) , which have shown that the frictional behavior of glass is almost identical to that of cohesive samples of silicate-built rocks (e.g., gabbro, tonalite, peridotite, monzodiorite, novaculite). Also, since soda-lime glass is essentially an isotropic material, its use as a model material to study frictional response in cohesive silicate-rich geo-materials avoids complications of wave scattering and dispersion from heterogeneities inherent in the microstructure of natural rocks in the interpretation of friction data from the measured particle-velocity versus time profiles.
Since we are interested in mechanisms that control slip and slip-rate weakening including the role of flash heating as well as nucleation and growth of thermally-softened/melt patches during high-rate slip event, the thermo-mechanical properties of soda lime glass, including its glass-transition and solidus to liquidus transition temperatures are particularly important. In this regard, the glass transition temperature T g , of soda-lime glass is reported to be 570°C while the solidus to liquidus temperature is~1000°C (Mazurin, 1993) . As discussed in more detail in Section 3 of this paper, this temperature range is easily accessible by using soda lime glass in conjunction with the plate impact friction experiments.
Experimental configuration
In this section, details of the plate impact pressure shear friction configuration and specimen preparation are provided. The pressure-shear friction experiments were conducted using the 82.5 mm bore single-stage gas gun facility at Case Western Reserve University. The schematic of the experimental configuration is shown in Fig. 1(a) . A fiberglass projectile carrying the flyer plate is accelerated down the gun barrel by means of compressed air. The rear end of the projectile has sealing O-ring and a Teflon key that slides in a key-way inside the gun barrel to prevent any rotation of the projectile. In order to reduce the possibility of an air cushion between the flyer and target plates, impact takes place in a target chamber that has been evacuated to 50 μm of Hg prior to impact. The vacuum helps to eliminate the air cushion between the flyer and the front target plate at the time of impact. This is essential since the presence of air cushion in between the flyer and the target plates can possibly introduce, (a) a finite rise time in the stress pulse generated during impact, and (b) may cause slip at the flyer-target plate interface during the pressure-shear impact loading. To ensure the generation of plane waves with wave-front sufficiently parallel to the impact face, the flyer and the target plates are carefully aligned to be parallel to within 2 × 10 −5 rad by using an optical alignment scheme developed by Kumar and Clifton (1977) . Impact is designed to occur at an angle θ relative to the direction of approach. This results in pressure-shear loading at the flyer-target (tribo-pair) interface. During the experiment the time history of the normal and transverse components of the particle velocity at the rear surface of the target-plate is measured by using time-resolved laser-based diagnostics. The measurements of particle velocity are restricted to the time interval prior to the arrival of the unloading waves from the lateral boundary of the specimen. In view of this, during the time interval of interest, the flyer and the target plates can be considered to be essentially infinite in their spatial dimension and the configuration be modeled as a semi-infinite half plane impacting on another. This simplification in test geometry along with the control of projectile velocity allows one-dimensional elastic wave theory to be used in obtaining the normal and shear tractions, slip-velocity and temperature at the tribo-pair interface. By controlling the skew angle θ and the impact velocity a variety of friction states (with normal stress varying from 200 MPa to 1 GPa and slip speeds from no-slip to 30 m/s) can be readily obtained. Other details regarding the experimental configuration and execution of the experiments can be found elsewhere (Liou et al., 2004; Okada et al., 2001; Prakash, 1995 Prakash, , 2009 Ullah et al., 2007; Yuan and Prakash, 2008a; Yuan et al., 2009 ).
Tribo-pair materials and design of the pressure-shear experiments
In order to investigate the dynamic frictional response of glass versus glass slip, thin films of soda-lime glass (5 μm in thickness) were deposited on the impacting faces of the flyer and target plates comprising Ti-6Al-4V and CH tool-steel, respectively ( Fig. 1(b) ). The thin glass films were deposited by Thin-Films Research, Inc., Westford, MA, by employing a chemical vapor deposition procedure. Given the relatively high elastic wave speeds of longitudinal and transverse waves in glass, the ca. 5 μm thickness of the glass film is expected to preclude any significant wave dispersion effects at the metal/glass interfaces. In all experiments the impact velocity of the flyer plate is controlled such that the flyer and target plates remain elastic during impact. This condition ensures that linear elastodynamic theory could be used to calculate the normal and shear tractions as well as the slip velocity at the frictional interface from the measurements of the transverse component of the particle velocity at the free surface of the target plate.
The thickness of the flyer and the target plates are designed such that the time for longitudinal wave propagation through the thickness of the flyer plate is greater than the corresponding round-trip time of the longitudinal wave in the target plate. Under these conditions, when the longitudinal wave reflected from the rear surface (free surface) of the target plate arrives at the target/flyer interface, the normal stress at the frictional interface is changed abruptly. Since the longitudinal impedance of the flyer plate (Ti-6Al-4V) is less than the longitudinal impedance of the target plate (CH tool-steel), the arrival of the longitudinal release wave at the slip interface results in a drop in the interfacial normal stress.
The wave propagation in the target and flyer is illustrated schematically in the time-distance diagram shown in Fig. 1(c) . The abscissa represents the spatial position of the wave front at any particular time and the ordinate represents the temporal location of the wave front. At impact, both longitudinal and shear waves are generated at the tribo-pair interface and travel through the thickness of the flyer and the target plates. The longitudinal wave fronts are represented by solid lines and the shear wave fronts are represented by dashed lines. The slope of the solid line represents the inverse of the longitudinal wave speed and the slope of the dashed line represents the inverse of the shear wave speed in the material. In State 1 the tribo-pair interface is under a constant normal stress σ 1 , and thus allows investigation of dynamic sliding characteristics of the frictional interface under constant normal stress. Upon reflection of the compressive wave at the rear (free) surface of the target plate, an unloading (release) wave is generated, which propagates back towards the tribo-pair interface. When this unloading wave arrives at the frictional interface it reduces the applied normal stress from σ 1 to σ 2 . The corresponding friction stress is denoted by τ 1 and τ 2 , respectively. The new frictional state is called State 2, and allows the investigation of dynamic sliding characteristics of the frictional interface subjected to abrupt changes in normal stress.
2.3. Wave analysis of pressure-shear friction experiments on soda-lime glass: calculation of interfacial tractions, slip velocity, and temperature Using the method of characteristics for 1-D hyperbolic wave equations the normal and transverse components of interfacial traction, slip velocity, and the slip displacement can be related to the normal and transverse components of particle velocity of the free surface of the target plate, u fs (t) and v fs (t), respectively, and the shear and longitudinal impedances of the flyer and the target materials (Achenbach, 1973) .
State 1
Before impact the flyer and the target plates are unstressed. The target is held stationary while the flyer is accelerated and impacts the target at a measured velocity V. From the knowledge of the angle of inclination θ of the projectile, the initial normal and transverse particle velocities u o and v o , respectively, of the flyer plate are given by u o = V cos θ and v o = V sin θ, respectively.
When the flyer impacts the target, both the normal and transverse components of velocity are imposed on the impact face of the target. A longitudinal compression stress wave with wave speed c 1 and a shear stress wave with a wave speed c 2 propagate into the flyer and the target plates. From one-dimensional analysis of the governing hyperbolic partial differential equations the stress and the particle velocity relations, which hold along the characteristics, are given by Prakash and Clifton (1993) 
In Eqs.
(1) and (2), σ and τ are the normal and shear stresses, u and v are the normal and transverse components of the particle velocity, ρ is the mass density, and (ρc 1 ) and (ρc 2 ) are the longitudinal and shear impedance, respectively.
Using initial conditions the components of traction at the interface between the flyer and the target can be expressed as
where, v fs (t) and u fs (t) are the transverse and the normal particle velocities at the rear surface of the target plate, and the subscripts f and t refer to the flyer and the target plates, respectively. When slip occurs at the flyer-target interface, the measured free surface velocity of the target plate can be used along with Eqs. (3) and (4) to obtain the coefficient of kinetic friction
From the knowledge of the impact velocity V, the skew angle θ, the shear impedances of the flyer and the target plates, and the measured free-surface transverse velocity v fs (t), the slip velocity can be expressed as
The accumulated slip distance can be obtained from Eq. (6) by integrating the slip velocity in time
Moreover, under conditions of no slip the free surface particle velocities of the rear surface of the target plate are related to the flyer velocity by
State 2
When the compressive longitudinal wave reflects from the free surface of the target plate it reduces the compressive normal stress at the interface from σ 1 to σ 2
For the Ti6Al4V/CH tool-steel tribo-pair employed in the present study the ratio σ 2/ σ 1~0 .25.
The corresponding expressions for the friction stress and slip velocity are obtained by solving the characteristic relations for State 2, and can be expressed as
and
Bulk temperature at the tribo-pair interface
The bulk temperature rise at the tribo-pair interface is estimated by solving the following one dimensional transient heat conduction equation
With the initial condition Tðx; 0Þ ¼ 0;
and the boundary conditions
In Eqs. (13) to (16) T is the temperature rise, k is the thermal conductivity, α is the thermal diffusivity and x represents the distance perpendicular to the interface. Table 1 provides a summary of thermal properties of soda-lime glass. Using Eqs. (13) to (16) the temperature rise distribution as a function of time and position can be obtained as
In order to calculate the temperature distribution in the tribo-pair, an estimate for the heat source _ q t ð Þ is required. Using the experimentally measured friction stress τ, and the slip velocity V slip , the heat generated at the interface can be estimated to be
In the present plate impact friction experiments the thickness of the soda lime glass was selected to be 5 μm. Besides alleviating complications due to wave dispersion and scattering, the 5 μm thickness ensures that the temperature gradient normal to the frictional interface in the flyer and target plates resides entirely in the soda lime glass films, and the flyer and target plates remain essentially at the ambient temperature during the entire duration of the experiment. This point can be understood more clearly from Figs. 2c, 3c and 4c, which show that temperature rise at distances greater than 4 μm away from the slip interface is essentially negligible. This condition leads to a considerable simplification in modeling temperature rise at the frictional interface, in which the soda lime glass films can be modeled as one semi-infinite half plane sliding on another and the two metal plates (substrates) can be ignored from the thermal model.
Experimental results
Table 2 provides a summary of the plate-impact pressure-shear friction experiments on soda-lime glass conducted in the present study. In all experiments, except for Shot 1, a skew angle of 35°was utilized to promote high slip speeds. For Shot 1 a skew angle of 30°was used. The root mean square (rms) surface roughness of the impacting surfaces of the flyer and target plates was maintained at~0.2 μm for Shots 1 and 2, while for Shot 3 the roughness was 0.12 μm. The projectile (impact) velocities for Shots 1, 2, and 3 were 77.3 m/s, 48.4 m/s, and 54.3 m/s, respectively. At these impact velocities the bulk of the flyer and the target plates are expected to remain essentially elastic during the experiment.
As discussed in Section 2, for the glass-on-glass friction experiments conducted in the present study the impedance mismatch between the flyer (Ti6Al4V) and the target (tool-steel) plates result in a drop in normal stress at the slip interface. As determined from Eq. (10), the normal stress in the new state (State 2) is approximately 0.25 times the normal stress in the state prior to the drop in normal stress (State 1). It must be noted that the thicknesses of the flyer and target plates are similar for Shots 1 and 2 but are quite different for Shot 3. The thickness of the Ti-6Al-4V flyer plate in Shot 3 is 13.1 mm when compared to just 8 mm for Shots 1 and 2. This larger thickness of the Ti-6Al-4V flyer in Shot 3 results in a much longer time for the longitudinal release wave to return back from the rear (free) surface of the flyer plate to the slip interface and drop the interfacial normal stress. This control over the arrival time of the release wave at the slip interface allows us to investigate the response of the interface subjected to abrupt changes in the normal stress at different stages in the interface weakening and strengthening phases. For Shots 1 and 2, the normal stress drop is designed to occur prior to the strengthening phase while for Shot 3 the normal stress drop occurs when the interface has essentially seized (no slip), i.e., after the weakening and strengthening phases. This point will be discussed in more detail while discussing the results of the three experiments.
The experimental results for Shot 1 are shown in Fig. 2(a) to (d). The experiment was conducted at an impact velocity of 77.3 m/s and at a skew angle of 30°. Fig. 2(a) shows the measured normal and transverse components of the particle velocity history at the free surface of the CH tool-steel target plate. The abscissa represents the time after impact. The normal and transverse components of the particle velocity histories at the rear surface of the target plate were obtained by using laser-based diagnostics in which a multi-beam Velocity Interferometer System for Any Reflector (VISAR) was adapted to provide a robust transverse displacement interferometer (Yuan and Prakash, 2008a; Yuan et al., 2009) . At the arrival of the longitudinal wave at the free surface of the target plate the normal component of the particle velocity jumps to about 50 m/s at ca. 400 ns. The second abrupt rise in the normal component of the particle velocity occurs at ca. 1234 ns, which is coincident with the arrival of the reflected wave from the rear surface of the steel target plate at the slip interface. The arrival of shear wave at the free surface of the target plate occurs at 930 ns. At the arrival of the shear wave the transverse component of the free-surface particle velocity jumps to 8.3 m/ s, which is much below 25.9 m/s, which is the predicted transverse velocity for no-slip at the slip interface (estimated by using Eq. (6) with V slip on the LHS set to zero). After a momentary stay at this level, the transverse particle velocity falls rapidly to about 6 m/s before increasing again to 8 m/s. At the arrival of the unloading longitudinal wave at the slip interface (which results in the drop in normal stress), the transverse particle velocity falls precipitously to a level of about 1 m/s. Fig. 2(b) shows the corresponding friction stress, τ, and slip velocity, V slip , as a function of time for the Shot 1. Two distinct friction states are obtained in the experiment: State 1, which begins at the arrival of the shear wave at the slip interface and ends when the unloading longitudinal wave arrives at the interface at 875 ns, and State 2 which ends at ca. 1300 ns. The corresponding normal stresses at the slip interface are 1150 MPa and 280 MPa, respectively. The normal stress levels in States 1 and 2 were obtained from the normal components of the free-surface particle velocity by using the 1-D elastic wave theory presented in Section 2.3, and as given by Eqs. (4) and (10). During State 1, the interface shows rapid slip and slip velocity weakening during which the shear stress at the interface falls from 100 MPa to 68 MPa. The slip velocity during this time increases from 27 m/s to 32 m/s. The weakening phase is followed by a distinct strengthening phase, during which the shear stress increases from 68 MPa to approximately 97 MPa with the slip velocity falling from 32 m/s to 28 m/s. The arrival of unloading longitudinal wave results in an abrupt drop in normal stress at the slip interface and signals the beginning of State 2. The drop in normal stress results in a re-initiation of dramatic weakening and the interfacial shear stress falls precipitously to 8 MPa and the corresponding slip velocity jumps to 38 m/s. Fig. 2(c) shows the history of the coefficient of friction and interfacial slip velocity as a function of time for Shot 1. Immediately after impact, the slip interface shows strong weakening with increasing slip and slip velocity during which the coefficient of friction falls from ca. 0.1 to 0.05. The slip velocity, during this time increases from 26 m/s to 32 m/s. This weakening phase is followed by a strengthening phase, which can be seen as an increase in coefficient of friction from 0.05 to 0.08 with a corresponding decrease in slip velocity from 32 m/s to 28 m/s.
At the beginning of State 2, the normal stress drops abruptly from 1.15 GPa to 280 MPa; however, the corresponding drop in friction stress is more gradual resulting in a spike (jump) in the coefficient of kinetic friction from 0.08 to approximately 0.3 and then drops back to 0.07. During the transition from State 1 to State 2, the slip velocity increases rapidly from 30 to 38 m/s. Such spikes in coefficient of friction have previously been reported during transient metal-on-metal slip (Irfan and Prakash, 2000; Prakash, 1998; Prakash and Clifton, 1993; Ullah et al., 2007) , and have been attributed to the memory of normal stress history at the slip interface. To the best of authors' knowledge, the experiments reported in here are the first to reveal such effects of normal stress in a rock analog material. As discussed earlier, deviations from the classical formulation of Coulomb friction of the type observed in these experiments allow models of rupture that incorporate a sudden alteration in normal stress (e.g. rupture along dissimilar material interfaces) to be well posed mathematically ). In contrast, conventional slow (quasi-static) friction studies, with much less abrupt change of normal stress (Boettcher and Marone, 2004; Dieterich and Linker, 1992; Linker and Dieterich, 1992) , suggest that shear strength changes on the same time-scale as the normal stress change, but changes only partly towards what it will ultimately evolve to after a few μm of further slip. Fig. 2(d) shows the estimate for the temperature rise during the dynamic slip event. By assuming slip to occur between two semi-infinite glass plates, the average temperature rise at the tribo-pair interface during State 2 was estimated by solving the one-dimensional transient heat conduction equation (Eq. (17) ). At the initiation of slip in State 1 considerable frictional heat is generated, and the interfacial temperature increases monotonically with time to about 825°C. The diffusive nature of the solution is clearly evident from the sharp decay in the bulk temperatures with increasing distance perpendicular to the frictional interface. It is interesting to note that even though these estimated interfacial temperatures do not predict melting of the soda lime glass, they are still high enough to result in considerable softening of the glass films (glass transition temperature, T g , of soda lime glass is 570°C; solidus to liquidus temperature~1000°C). It must be mentioned that these temperature rise distributions are an estimate of the actual global temperatures that can exist during the frictional sliding process. A number of assumptions have been made in arriving at these estimates: (a) the thermal properties of soda-lime glass are assumed to be constant at their room temperature values at all temperatures, and (b) all the interfacial frictional work is assumed to be converted to heat. The assumption that all the frictional work is converted to heat may lead to an overestimation of the actual interface temperature rise distribution. However, all inelastic processes during the slip process are expected to occur at the slip interface within a thin layer, the thickness of which is of the order surface roughness of the soda lime glass films. In view of these arguments, the computed temperature profiles are expected to represent the actual temperature distributions with acceptable level of confidence.
The experimental results for Shot 2 are shown in Fig. 3(a) to (c). The experiment was conducted at an impact velocity of 48.4 m/s at a skew angle of 35°. By reducing the impact velocity when compared to that used in Shot 1, it is anticipated that less severe interfacial conditions (in terms of state of stress and temperature) will develop at the slip interface. Fig. 3(a) shows the shear stress and slip velocity as a function of time for Shot 2. Again, two distinct friction states are obtained in the experiment: State 1, which begins at the arrival of the shear wave at the slip interface and ends when the unloading (release) longitudinal wave arrives at the interface at 875 ns, and State 2 which ends at ca. 1250 ns. The corresponding normal stress during States 1 and 2 were 680 MPa and 170 MPa, respectively. During State 1, the interface shows dramatic slip and slip velocity weakening during which the shear stress at the interface falls from 90 MPa to 55 MPa. The slip velocity during this phase increases from 17 m/s to 22 m/s. At the end of this weakening phase, a second but more gradual weakening phase is observed, where the interfacial shear stress drops from 55 MPa to 35 MPa (by the end of State 1). The corresponding slip velocity increases from 22 m/s to 24 m/s. The arrival of release wave results in a sudden drop in normal stress resulting in a corresponding decrease in shear stress to 30 MPa while the slip velocity increases to~25 m/s. It is interesting to note that the weakening phase is not followed by a distinct strengthening phase, as was observed in Shot 1. Fig. 3(b) shows the history of the coefficient of friction and interfacial slip velocity as a function of time for Shot 2. Immediately after impact, during the first weakening phase, the coefficient of friction falls from approximately 0.14 to 0.09. During this phase the slip velocity, increases from 17 m/s to 22 m/s. This weakening phase is followed by a second weakening phase, during which the coefficient of kinetic friction decreases to 0.05 with an increase in slip velocity to 24 m/s. At the initiation of State 2, the normal stress drops abruptly from 680 MPa to 170 MPa; however, the corresponding drop in shear stress is relatively slower and smaller, and results in a spike (jump) in the coefficient of kinetic friction to approximately 0.19 from 0.05 and then drops back to only 0.18. It must be noted that the steady state level of the coefficient of friction immediately following the drop in normal stress for Shot 2 is much higher when compared to the level for Shot 1 (μ k2 /μ k1 for Shot 1~1, while μ k2 /μ k1 for Shot 2~3.5). During the transition from State 1 to State 2, the interfacial slip velocity increases from 23 m/s to 24 m/s. Fig. 3(c) shows the estimated rise in temperature during the dynamic slip as a function of time after the arrival of shear wave at the slip interface. The maximum bulk temperature rise at the interface during State 1 is 340°C, while the maximum temperature reached in State 2 is 350°C. These temperatures are clearly below the glass transition temperature of soda-lime glass, and the weakening observed in State 1 can be clearly attributed to flash heating and local asperity melting during the slip event. Also, the relatively low bulk temperatures rule out the strengthening (healing) phase, as no significant melt patches are expected to develop at the slip interface. These melt patches are understood to lead to an increase in the effective contact area and subsequent slip strengthening (healing). Moreover, the higher levels of the coefficient of kinetic friction in State 2 for Shot 2 can be attributed to the state of the slip interface when the normal stress drop was introduced. In Shot 1, the slip interface was in a state of healing (strengthening) with interfacial temperature close to the solidus to liquidus transition temperature in soda lime glass when the normal stress was introduced, while the interface in Shot 2 shows weakening with relatively lower bulk interfacial temperatures (less than T g for soda lime glass) when the normal stress drop is introduced.
The experimental results for Shot 3 are shown in Fig. 4(a) to (c). The experiment was conducted at an impact velocity of 54.3 m/s and a skew angle of 35°. It should be noted that the rms surface roughness of the soda-lime glass is 0.12 μm when compared with 0.2 μm for Shots 1 and 2. In addition, for Shot 3, the thickness of the flyer and the target plates was changed so as to delay the arrival of the release wave from the free surface of the flyer plate. Fig. 4(a) shows the transverse component of the particle velocity history at the free surface of the CH tool-steel target plate. Also shown in the figure are the normal stress and the elastic prediction of the transverse component of the particle velocity for the case of no-slip at the interface. The no-slip particle velocity was obtained from the elastodynamic solution to the slip problem given by Eq. (12) with V slip set to zero on the LHS. In State 1 the normal stress is 762 MPa, while in State 2 the normal stress is 191 MPa. The arrival of shear wave at the free surface of the target plate occurs at approximately 1900 ns. With the arrival of the shear wave at the free surface of the target plate the transverse component of the particle velocity jumps to the no-slip predicted level of about 23 m/s. After a momentary stay at this no-slip level the transverse velocity falls precipitously to a level of about 10 m/s before increasing again to a no slip level of 23 m/s. The transverse particle velocity stays at this no-slip level until the arrival of the unloading wave at the slip interface at which the transverse particle velocity level again falls to about 3 m/s. Fig. 4(b) shows the history of the normal stress, coefficient of kinetic friction, and interfacial slip velocity as a function of time for Shot 3. Two distinct friction states are obtained in the experiments: State 1 which begins just after impact and ends at ca. 1900 ns, and State 2 which ends at ca. 2800 ns. During State 1 the normal stress at the friction interface is constant at 762 MPa while the normal stress in State 2 is 191 MPa. During State 1, after a momentary initial stick, the interface shows abrupt slip and slip velocity weakening during which the coefficient of friction falls from 0.4 to~0.2 in about 200 ns. The slip velocity during this time increases from no-slip to about 20 m/s. The weakening phase is followed by a distinct strengthening phase, during which the friction coefficient increases gradually to 0.4, eventually leading to seizure of the interface. The seizure of the interface is confirmed by the transverse particle velocity which corresponds to the no-slip level predicted by Eq. (9). The slip velocity decreases monotonically from 20 m/s to the no-slip level during this strengthening (healing) phase. It is interesting to note that, during State 1, the coefficient of kinetic friction stays in the range of 0.2 and 0.4 (slip speedsb 20 m/s), which is much lower than those observed under quasi-static slip conditions (μ~0.6 to 0.85) at slip speeds of ≤1 mm/s. The arrival of the unloading longitudinal wave at the slip (seized) interface occurs at 1900 ns. At the arrival of the unloading longitudinal wave at the slip interface the normal stress drops abruptly from 762 MPa to 191 MPa. This sudden alteration (drop) in normal stress leads to the re-initiation of slip at the frictional interface. It is interesting to note that the coefficient of kinetic friction at the re-initiation of frictional slip is as high as 1.5, when compared to the coefficient of kinetic friction at the moment of interface seizure, which was 0.35. Fig. 4(c) shows an estimate for the temperature rise during the dynamic slip event. During state 1, the maximum temperature rise attained at the frictional interface (x= 0) occurs during the strengthening phase (prior to the seizure of the interface) and is estimated to be about 900°C. The high temperature is consistent with the formation of melt patches at the interface, which are understood to promote healing of the slip interface, following the end of the weakening phase. As the slip velocity approaches the "no-slip" level (seizure of the slip interface), it results in a decrease in frictional power (and a corresponding drop in interfacial temperature), which promotes strengthening/healing of the slip interface. The interfacial temperature picks up again as slip is reinitiated at the frictional interface following the drop in normal stress.
The results of Shot 3 are consistent with those reported by several investigators including Hirose and Shimamoto (2005) , who conducted a series of experiments on Indian gabbro at slip rates of 0.85-1.49 m/s and normal stresses of 1.2-2.4 MPa by using a rotary-shear apparatus. The experiments revealed two stages of slip weakening separated by a marked strengthening regime. By examination of microstructures of simulated fault zone under scanning electron microscopy (SEM) at different total slip displacements, they proposed that the initial slip weakening is due to the thermal weakening induced by flash heating at the asperity contacts and early stages of melting; this phase is followed by slip strengthening caused by the coalescence of melt patches into a thin molten layer, while the observed second slip-weakening was attributed to the growth of the molten interfacial layer during friction melting. The observed weakening followed by strengthening (healing) behavior suggests that a fault weakens markedly during co-seismic slip, but rapidly recovers its strength after the maximum velocity is reached. This evolution of friction is quite different from the simpler behavior assumed by many theoretical and numerical models of earthquake phenomena. Such models may need to be modified in light of these laboratory findings. As suggested by the researchers, the initial increase in friction observed in their experiments may act as a barrier to fault motion. This may stop small earthquakes from becoming larger and contribute to the observed variety of fault-slip patterns and earthquake magnitudes. Furthermore, the peak value of fault friction is likely to depend on slip-rate history, further encouraging slip complexity.
Discussion and summary
In recent years the emergence of the high-speed rotary shear experimental configuration has allowed researchers to reproduce the interfacial slip conditions in rocks encountered during earthquake slip, at least in terms of slip velocity (about 1 m/s) and slip (several meters for large magnitude earthquakes) but low normal stresses (b20 MPa; see Spray (1987 Spray ( , 2005 , Tsutsumi and Shimamoto (1997) , Mizoguchi and Fukuyama (2010) , and Di for reviews) or in terms of slip (several meters) and normal stress (up to 112 MPa) but low slip velocity (b5 mm/s) (e.g., Goldsby and Tullis (2002) ).
The results of these studies on the frictional properties of intrusive rocks at co-seismic slip speeds have shown that rock melting occurs when a certain threshold combination of normal stress, sliding velocity and displacement is reached (Spray, 1987; Tsutsumi and Shimamoto, 1997) . Once a melt layer is produced, the strength of the fault is determined by the viscosity of the melt and the strain rate in the melt. Although these experimental and theoretical studies have demonstrated that melt lubrication can be an efficient weakening mechanism details of the evolution of strength remains unsure, in particular owing to the relatively small range of normal stress and slip rates that earlier machines could reach. It should be noted that these experiments were performed under relatively low normal stresses (b 25 MPa) and without a good control on the acceleration and deceleration of the target slip velocity.
In the present study plate-impact pressure-shear friction experiments are employed to investigate the frictional resistance in a silicate-rich rock-analog material, i.e. soda lime glass, at interfacial conditions relevant during fault rupture. In these experiments the normal stress (in State 1) was in range of ca. 300 MPa to 1000 MPa with slip velocities as high as 40 m/s. At these relatively large normal stresses and slip velocities the frictional interface is expected to undergo large scale melting within hundreds of microns of slip distance. However, due to the relatively short slip distances (tens of microns) in the present experiments, the melting at the interface is restricted to a few isolated softened/molten patches, allowing us to better investigate the intrinsic slip resistance during glass-on-glass slip. In addition, by probing the slip behavior under the relatively high normal stress and slip rates, critical information on fault slip at relatively large seismogenic depths can be obtained, a condition that has been difficult to study experimentally using more conventional apparatus.
The results of the experiments indicate that a wide range of frictional slip conditions exist at the frictional interface: the interfacial conditions range from initial no-slip followed by slip and slip-rate weakening, strengthening, and seizure all during a single slip event.
The coefficient of kinetic friction during the initial slip-rate weakening phase is much lower than μ~0.6 to 0.85 obtained at quasi-static slip rates ≤1 mm/s (Byerlee (1978) and Dieterich (1978) ), and is understood to be caused by thermal weakening due to flash heating at the asperity junctions.
An elementary model considering flash heating at asperity contacts had been proposed recently by Rice (2006) . The model considers contacts of uniform size L, and hence life-time L/V, where L is the slip needed to renew the asperity contact population, and V is slip rate; and assumes that their shear strength remains at the room temperature value, τ C , until temperature has reached a critical value, T crit , above which the weakened shear strength τ W is assumed to has a negligibly small compared to its room temperature value τ C . The temperature rise of the asperities is estimated from a simple one-dimensional transient heat conduction equation, with heating power τ C V per unit area at the sliding contact surface. Beeler et al. (2008) observed that a better fit of Rice's model to data showing strong rate-weakening of friction was to assume a small but non-negligible τ W for T a > T crit . The model thus defines a critical slip rate V crit such that there is no weakening if V b V crit , but strong weakening if V >V crit . That is, the friction coefficient μ, which has the value μ 0 at low slip rates and μ W at high slip rates, is given in the following simple model
where α is thermal diffusivity, ρc is heat capacity per unit volume. Using Eqs. (19) and (20), a critical velocity of V crit = 0.12 m/s can been estimated for the onset of severe thermal weakening in glass and other geo-materials, by taking L = 5 μm, τ C = 3.0 GPa and temperature range from ambient up to~900°C. The results presented in the present paper on rapid slip on rock-analog materials are indeed consistent with such an expected reduction in friction stress.
On the other hand, the increase in friction stress with slip observed in Shots 1 and 3 is understood to be due to slip and slip-rate dependent strengthening processes. It has also been argued that at intermediate to high slip rates where temperature increase by frictional heat becomes significant, not only velocity dependence but also temperature dependence of friction are important in the understanding of nucleation and propagation of rupture (Noda, 2008; Noda et al., 2009) . Also, as noted earlier, the occurrence of strengthening indicates that frictional heating and temperature dependent friction within the rate weakening regime are important, which can lead to material softening and coalescence and solidification of melt patches on the slip interface that are eventually responsible for interface strengthening. This is further confirmed from the results derived from Shot 2 where slip occurs at bulk interfacial temperatures below the glass transition temperature of soda-lime glass (i.e. in the absence of melt patches at the slip interface), and thus show an absence of the slip strengthening phase. In particular, these experiments confirm the hypothesis that by reducing the stress (friction) power at the slip interface the interface will undergo weakening due to flash heating with an absence of healing (strengthening), which requires development of melt patches at the slip interface. Strictly speaking, it is quite difficult to identify if melting occurs or not during the experiments because partial melting in soda-lime glass might occur without any luminous materials outside the sample. Here, "non--melting" condition means that we could not observe any visible melting during the experiments. We do not deny a possibility of small scale melting where some patches on the surfaces start to melt.
An intriguing result from the present experiments has been the very low friction coefficients observed in Shots 1 and 2 when compared to Shot 3 in the initial phase of the pressure and shear impact loading. In experiment Shots 1 and 2 the friction coefficient, at the beginning of State 1, was as low as 0.08 and 0.14, respectively, while for Shot 3 it was 0.4. A possible reason for these observations in Shots 1 and 2 may be due to the initiation of slip immediately following impact, and represents the frictional resistance during the highly transient (acceleration) phase at the slip interface. On the other hand for Shot 3 the interface is initially near the "no slip" condition for a short time before initiation of slip occurs at the interface.
Even though the present experiments do not involve meters of slip distance, the rate of frictional work done is high (due to the high normal stress and high slip velocities) and they reproduce the general strengthening-weakening-strengthening features of frictional slip observed in rotary shear type experiments. This suggests that the interfacial response is strongly slip rate and normal stress dependent. Moreover, from these experiments, we find that the slip-weakening distance is of the order of only a few tens of microns. These relatively small slip distances are in agreement with theoretical considerations presented by (Niemeijer et al., 2011) where normal stress and slip velocity together control the critical slip weakening distance. In further support of this, Brantut et al. (2008) have studied the frictional properties of natural kaolinite-bearing gouge samples from the Median Tectonic Line (SW Japan) using a high-velocity rotary shear apparatus. Dramatic slip weakening was observed in their experiments at slip rates of ca. 1 m/s. The inferred critical slip weakening distance values ranged from a few centimeters at 10 MPa normal stress to as low as a few hundreds of microns at 100 MPa normal stress. As a comparison, at normal stresses ranging from 0.3 to 1.3 MPa, a critical slip-weakening distance of the order of 1 to 10 m was inferred. These relatively low values of the slip weakening distances at relatively high normal stresses were consistent with those observed in the experiments conducted in the present study, and are expected to play an important role in governing rupture dynamics at large seismogenic depths and at high sliding rates.
In addition, our results on fault weakening followed by healing verify the proposition that faults may be weak dynamically but statically strong. The rapid transition from high static friction to low dynamic friction through dependence on slip rate may also be one of the possible reasons for the absence of melting in many mature faults that have sustained hundreds of meters of slip. If the fault strength does not weaken during seismic slip, the temperature rise due to slipping for several meters at slip rates around 1 m/s and under normal stresses that are of the order of 100-200 MPa will be of the order of thousands of degrees, sufficient to cause complete melting of the rocks existing in the fault zone (Noda and Lapusta, 2010; Noda et al., 2009; Rice, 2006) . However, no significant evidence of melting has been found in many mature faults (Aagaard and Heaton, 2008; Rice, 2006) . In this regard, fault healing and decelerating fault motion are understood to be intrinsic fault properties that favor pulse-like (short slip duration) rupture propagation (Heaton, 1990; Nielsen and Madariaga, 2003; Zheng and Rice, 1998) .
In addition to the observation related to slip and slip velocity weakening and strengthening, in the present investigation plate-impact friction experiments were conducted that involve sudden alteration in normal stress at the slip interface. These experiments were designed such that in Shots 1 and 2 the sudden drop in normal stress was introduced during the slip and slip velocity weakening phase and prior to the initiation of slip strengthening, while in Shot 3 the drop in normal stress occurred just after the strengthening phase during the seized state of the interface. These experiments are the first of their type in rock-analog materials and confirm the existence of memory effects of the normal stress history that is similar to that observed previously during metal-on-metal slip. These results in rock-analog materials have implications for fault strength during static and dynamic stress transfer at fault junctions, the interaction of multiple faults in complex structural settings, and for dynamic fault rupture as slip propagates, or attempts to propagate, through such complex fault geometries and/or dis-similar materials. In turn, these results could have implications for the ability of ruptures to propagate across geometrical boundaries in fault systems, where rapid changes in normal stress are expected.
The above findings can be qualitatively understood within the existing framework of what are termed as rate-and state dependent friction laws. In that framework, friction depends on slip rate and on an evolving state variable. Modifying the framework by adjusting the state variable and its evolution equation would allow the incorporation of the experimental results into numerical models in a way that is consistent with previous experimental work. Several factors that were not considered in the experiments in the present study may significantly affect fault friction. These include the role of fluids permeating fault zones, melting of fault materials under higher compression and variations in material properties across the fault. Establishing whether these factors are indeed significant and how they interact with each other requires further imaginative and sophisticated laboratory studies that reproduce the range of conditions expected in fault zones at seismogenic depths and will be reported in future publications.
